The tubes in the diver are offset from the axis of rotation like a lawn sprinkler. Squeeze and release the bottle every second for ten or more seconds. The diver in Fig. 1 is observed to rotate clockwise about its vertical axis of symmetry, when viewed from above. If the diver is stationary and the bottle squeezed and held, the diver is observed to turn a little counterclockwise. When the bottle is squeezed, water enters the diver, similar to water entering the sprinkler in Feynman's question. At the openings in the diver, the inflowing water's angular momentum about the axis of symmetry is directed down parallel to the axis of symmetry. However, the diver moves with opposite angular momentum, caused by a reaction torque to the torque acting on the water. If the diver continues to rotate counterclockwise for a steady inflow, then Feynman's sprinkler should also spin opposite to its normal operation. 6 Since the inflow produces a counterclockwise rotation while repeated inflow-outflow cycles produce a clockwise rotation, the outflow is, evidently, more effective in spinning the diver. Why? The top of Fig. 3 shows the streamlines of a fluid passing through an orifice. If the flow is sufficiently slow, the streamlines remain the same but the direction of flow along them is reversed between incoming and outgoing portions of the cycle. In this case the force on the diver produced by the inflow is equal and opposite to that for the outflow. Whatever rotation the inflow produces, the outflow undoes. Since the diver is observed to rotate clockwise, the flow cannot be sufficiently slow to be what is called "laminar" or "creeping" flow.
To understand the nature of the outflow from the diver, an eyedropper with roughly the same diameter opening as the diver is filled with food coloring. The dropper tip is immersed in a glass of water and the bulb squeezed to eject a small amount of food coloring. For slow (laminar) flow, the dye is expected to come out in all directions and engulf the tip with a ball of dye. However, as shown in Fig. 4 , a "smoke ring" of dye is seen attached by a line of dye to the dropper tip. There are two other dye rings lower in the picture, each from a previous squeeze of the bulb. The bottom ring is largest and well formed. The line of dye represents a "jet, " a narrowly columnated flow of fluid in an otherwise stationary fluid. Faber 7 gives a technical description of the ring formation as the de-
Cartesian Diver Plus
Bruce J. Ackerson, Oklahoma State University, Stillwater, OK T he Cartesian diver is an old and useful demonstration of fluid-related phenomena, including Archimedes' and Pascal's principles. 1 While the diver gets its name from the scientist and philosopher René Descartes, the first written description of the device was given by Raffaello Magiotti. 2 The modified diver presented here is related to Feynman's sprinkler. 3 This phenomenon requires a careful analysis of angular momentum conservation. Figure 1 shows the diver discussed here. This diver is an inverted 15-ml screw top bottle with a plastic cap. The cap has four holes fitted with stainless steel tubes. Each tube is parallel to but offset from a line perpendicular to and through the bottle axis of symmetry. The diver is filled with sufficient water, so that it barely floats at the water's surface inside a plastic 2-L soft drink bottle, as shown in Fig.  2 . The soft drink bottle is sealed with a cap. When the bottle is squeezed, the volume of the air is reduced, both outside and inside the diver, in accordance with Pascal's principle of uniform pressure within the fluid system. The air volume is reduced in the diver by taking in more water. This is easily observed through the glass walls of the diver. At some point while filling with water, the mass of the diver and water inside exceeds the mass of water displaced by the diver. Then, according to Archimedes' principle, the diver sinks. This phenomenon and explanation are familiar to physicists.
I tell students this is an example of "psychokinesis, " that I can move the diver up and down by thinking. Of course, students of all ages don't believe my explanation and begin figuring it out for themselves. It is easy to see the important factors and to let students offer and check hypotheses. 4 This diver is also my version of the Feynman sprinkler. In his book Surely You're Joking, Mr. Feynman, Feynman suggested putting a lawn sprinkler at the bottom of a swimming pool. Which way will the sprinkler spin if a hose is attached to it and water sucked out the other end? Feynman says everyone has an answer but all the answers are different. The American Journal of Physics received so many papers addressing the sprinkler problem that the editor allegedly quit accepting them. 5 Fig. 1 . Cartesian diver. The ports are offset from the vertical axis of symmetry. 
Some technical details
The Reynolds number gives a method to predict the nature of the flow 9 and estimate what is "fast" and "slow" flow. The Reynolds number is a ratio of inertia to viscous drag (friction) given
Re /s
Here U is a characteristic velocity, L is a characteristic length, and v is the kinematic viscosity of the fluid. The kinematic viscosity here is for water at room temperature. An estimate for the average velocity of water leaving the diver is 1 cm/s. The inner diameter of the four tubes is ~1 mm. These values give a Reynolds number equal to 10. Inertia dominates for large values (Re >>1) and viscous drag (friction) for small values (Re << 1). Slow (laminar) flow has a small Reynolds number. Turbulence occurs at large Reynolds numbers. Flow around a sphere becomes non-laminar and develops eddies for Re ≥ 24 10 before turbulence sets in at even larger values.
In the case presented here the Reynolds number is large and consistent with forming a jet. The fluid inertia is large compared to friction. A jet has inertia that is not being rapidly dispersed to the rest of the fluid. tachment and rolling up of the boundary layer by an accelerating flow. The ring leads the jet into the stationary fluid.
The bottom of Fig. 3 shows fluid entering an orifice on the left-hand side and emerging as a more narrowly focused jet on the right-hand side. Reversing the flow changes the streamlines. For example, they may be flipped from one side of the orifice to the other, with the jet now on the left-hand side. Regardless, the jet produces more momentum in the fluid because the streamlines are bunched together and pointed mostly in the same direction. The momentum in each part of the jet adds up. The fluid entering the orifice comes along streamlines having a broad range of directions. The momentum at one point on a streamline may largely cancel the momentum on another streamline moving the opposite direction. The total momentum of the incoming fluid is less than for the jet on the other side of the orifice. For the four ports of the diver, this means less angular momentum for the ingoing fluid than for the outgoing jets.
Of course, we are all very familiar with this phenomenon in a different context. You can blow a candle out, but you cannot suck it out. 8 Fig. 4 . An eyedropper ejects green food coloring into water. A jet of dye connects the tip of the dropper to a "smoke ring" of dye. Other rings formed earlier are visible too. 
